3D display technologies have been linked to visual discomfort and fatigue. In al ab-based study with ab etween-subjects design, 433 viewers aged from 4t o8 2y ears watched the same movie in either 2D or stereo 3D (S3D), and subjectively reported on ar ange of aspects of their viewing experience. Our results suggest that am inority of viewers, around 14%, experience adverse effects due to viewing S3D, mainly headache and eyestrain. Ac ontrol experiment where participants viewed 2D content through 3D glasses suggests that around 8% may report adverse effects which are not due directly to viewing S3D, but instead are due to the glasses or to negative preconceptions about S3D (the 'nocebo effect'). Women were slightly more likely than men to report adverse effects with S3D. We could not detect any link between pre-existing eye conditions or low stereoacuity and the likelihood of experiencing adverse effects with S3D.
Introduction
The last decadeh as seen ad ramatic expansion of the use of stereo 3D (S3D) technology in entertainmenta nd communication, including cinema,t elevision, gamec onsoles and mobile phones. However, anecdotale vidence and the manufacturers'own safety information has suggestedfor some time that S3Dmay have negative impacts on viewers, with symptoms such as headache, eye strain, dizziness and impaired motor coordination (Samsung Electronics, Seoul;'Viewing TV using the 3D function'). Over the last few years, this topic has started attracting the attention of scientific researchers, with someevidence confirming that moderate adverse effectscan be associated with S3DTVviewing (Yang et al. 2012; Yang and Sheedy 2011; Shibata et al. 2011; Lambooij et al. 2009 ).
There are several possible causes for these adverse effects. There is considerable evidence that visual symptoms such as eyestrain or blurred vision can be caused by the disruption of the natural relationship betweenbinocular convergence and accommodation (Howarth 2011; Shibata et al. 2011; Yang and Sheedy 2011) . This occurs because current S3D displays require viewers to maintain accommodation on the screen plane while verging in front of or behind it. Motion sickness can occur whenvideocontent suggests that the viewer is moving, while their vestibular system indicates they are not. Because S3D appears morereal and immersive, such cue conflicts may be particularly troubling. Depending on the particular S3D protocol,unnatural timing betweenleft and right eyes may producedepthartefacts or aperception of motion blur or judder (Hoffman, Karasev, and Banks 2010) . Finally, S3D displays rarely depict the true horizontal and vertical disparities which a real object would produce. Overtime,these subtle distortions might contribute to viewer discomfort (Banks et al. 2012 ).
We are not aware of any published work addressing which viewers are most likelytoexperience adverse effects while viewing S3Dc ontent.T he AmericanAcademy of Ophthalmology (AAO) has suggested that adverse effectsexperienced while viewing S3D may reflectpre-existing visual disorders: 'If ah ealthy child consistently develops headaches or tired eyes or cannot clearly see the images when using 3-D digital products, this may indicateavision or eye disorder' (AAO website http://www.aao.org/newsroom/release/20110118.cfm, retrieved 16 Nov 2012). TheA mericanO ptometric Association alsoimplies that problems with 3D may indicate visual disorders:
The AOA recommends seeing ad octor of optometry for further evaluation if consumers answer yes to any of the following questions:
. Do youexperience eyestrain or headaches during or after viewing? . Do youfeel nauseated or dizzy during or after viewing?
. Are you more comfortable viewing 2D TV or movies insteado f3DT V/movies? . Is it difficult for youreyes to adjust back to normal after watching 3D TV/movies? . Do other people seem to be enjoying the 3D viewing experience more than you? (http://www.3deyehealth.org/, retrieved 19 March 2014)
The same website states that treatment for 'vision problemst hat interfere with viewing 3D content' 'often consists of wearing regular glasses,t herapy glasses (with prism and multifocal lenses) and/or, Optometric Vision Therapy' (http:// www.3deyehealth.org/faq.html#,r etrieved 19 March 2014). However, we are not aware of any publisheddata suggestingthat people with eye disorders experience more problems viewing S3D than conventional 2D content.O fc oursep eople with disorderso fb inocular vision may not be able to experience the S3Ddepthpercept,but this would not in itself predict that they should be especially visually fatigued by S3D content as opposedt oc onventional 2D content or indeed viewing real scenes.
Similarly, few data are available on the prevalence of adverse effectswith S3D. The above-mentioned studies were labbased experiments, often usingstimuli designed to cause discomfort, so may not necessarily applytoS3D content viewed for pleasure. An additional problem is that negative effects with S3D have been widely reported in the media, so many viewersm ay come to S3D with negative expectations. Given the subjective nature of manya dverse effects, thisc ould therefore become something of aself-fulfilling prophecy.
As part of awider study, we acquired arange of data from 433subjects, aged from 4to82years old, whichenables us to addressthe issues raised earlier. In this article, we report howoften participants reported subjective adverseeffects afterviewing 3D TV,inalaboratory environmentdesignedtoresemblehomeviewing.Weexaminedwhether thelikelihoodofexperiencing adverseeffects relatestopre-existingeye conditions.Inabetween-subjects design,wecomparedactiveand passiveS3D display technologies andattempted to disentanglegenuine adverseeffects from thosecausedbynegativeexpectations.
Methods
In brief, 433 participants visited Newcastle University's Instituteo fN euroscience, watchedafilm in either S3Do r2 D (between-subjects design) and then reported ar ange of subjective judgements on the visual appearanceo ft he film and whetherthey had noticed any adverse effects such as headache. On aseparate occasion,mostparticipants also visited alocal optometry practice where they underwent aset of optometric and orthoptic tests listed in Table 3 . Optometry relates to the general health of the eyes and quality of vision; orthoptics relates to the control of eye movements, and specifically binocular coordination. This enabled us to examinewhetherpeople with particulareye conditions were more or lesslikely to experience adverse effects. These experimental proceduresa re described in mored etail later. The participants also performed tests of balance and coordination.
Ethics
The study was approved by the Newcastle University Faculty of Medical Sciences Ethics Committee (approval number 00431) and adhered to the tenets of the DeclarationofHelsinki.All participants, or in case of children, adults with parental responsibility, gave written informed consent. Year of birth and gender were reportedb ythe participants.
TV viewing conditions
Participants watchedthe animated film 'Toy Story' (1995, produced by Pixar Animation Studios, duration 80 minutes) in groups of up to five, grouped in family or friendship groups where possible. Although the TV viewing took place in a Figure 1 . TV viewing room. (A) location of the TV set; note: during the TV viewing, the ceiling lights were turned off so the only illumination comes from the bias lighting behind the screen. (B) location of the viewing space, including seating. laboratory setting, effortswere made to approximate the experience of viewing at home (Figure1). The room was 3.7 m £ 2.9 mi ns ize, and was furnished with as ofa,b ean-bags,r ug and pictures, and refreshments such as juice, popcorna nd crisps were available during viewing. The viewing distancew as , 2.5 mf or participants seated on the sofa. The bottom edge of the TV screen was 85 cm above the ground.The TV was positioned in frontofalight grey fabric background (2.8 m wide £ 2.9 mh igh) forming the rear wall of the room (Figure 1(A) ). White LED bias lights, screened from sight of the viewer,s urrounded the edges of this background and illuminated it. During TV viewing, these LEDs and the TV itself provided the sole illumination. The luminance of the fabric background varied from around2 5c andela per square meter (cd/m 2 )att he edges,n ear the bias lights,toa round 2cd/m 2 at the centre, near the TV.
Subjective reports
After viewing the film, participants were takent oaseparater eporting room and asked, 'How would your ate the visual appearance of what you watchedt oday?'. The available answers were 1( 'dreadful'), 2( 'poor'), 3( 'not very good'),4 ('acceptable'), 5('good'), 6('very good') and 7('fantastic'). For the benefit especially of child participants, apaper chart was available showing these options with appropriate cartoon faces (smiling/neutral/frowning). In each case, the answer was entered intot he computer interface by the researcha ssistant.M ost participants were also asked 'Specifically, how realistic did you findthe 3D depth?', with the sameavailable answers. Any othercomments spontaneously volunteered by the participant were alsorecorded.Participants were then asked 'Did youexperience any unpleasant effects or sensations?'. If they answered yes, they werethen givent he option of choosing from the following list:
. Participants who chose 'other' were then asked to specify this, and the answer was entered onto the computer. This list was chosent oi nclude items which have been associated with S3D, either in the scientific literature, e.g. eyestrain (Lambooijetal. 2009), or elsewhere, e.g. cramps (Samsung, Inc.; 'Viewing TV using the 3D function') and those where no such link is expected, e.g. toothache.
Television sets
The TV setsu sed were manufactured by LG Electronics( www.lg.com): model 47LX6900 (active S3D) and model 47LD920-2A (passiveS 3D). Details of these TVs are giveni nT able 1. They use different technologiest od isplay S3D images when used in 3D mode.The active 3D TV displays left and right images temporally interleaved, with each eye's image beingrefreshed at 60 Hz. To view this type of S3D content, viewers mustwear active 3D glasses, which are powered by ab atterya nd are therefore somewhat bulky.T he manufacturer did not make child-size active glasses,s oc hild participants wore adult-sized glasses to view active S3D.
The passive 3D TV uses apatterned retarder, which means that left and right images are displayed spatially interleaved on alternate pixelrowsofthe display. This halves the vertical resolution of the display in each eye. Viewers wear passive 3D glasses,w hose lenses are circular-polarising filters.B ecause passive glasses are not powered, they are muchl ighter than active glasses. Smaller passive glasses were available for children.
Experimental groups
Ideally, we would have used adouble-blind design, in which neither the experimenter nor the participant was aware whether they were watching 2D or S3D content.This was not practical in our study. It was impossible to 'blind' the experimenters, as they were responsible for setting up the correct content. We expected that it would alsob ee ssentially impossible to 'blind' the participants, since we thought it wouldbeobvious to them whether they were viewing 2D or S3Dcontent. Thus, initially, participants were assigned in alternation to one of three TV groups:A,Band C(participantsfrom the same family or friendship group were all assigned to the same TV group, so they could do the experiment together). TheAgroup viewed 'Toy Story 3D' on the active 3D TV 47LX6900, wearing active 3D shutter glasses.The Bgroup viewed 'Toy Story3D' on the passive 3D TV 47LD920-2A, wearing passive 3D glasses.The Cgroup viewed 'Toy Story' in 2D on the active 3D TV 47LX6900, operatedini ts 2D mode. The Cg roup did not wear any 3D glasses.
However, when initialr esultsi ndicated that adversee ffects were substantiallyh igheri nt he S3Dg roup,w eb ecame concernedabout apossiblenoceboeffect. Anoceboeffectisthe opposite of aplacebo effect,whenanintrinsically harmless substanceorprocedure causes adverseeffects duetonegativeexpectations. We thereforeexperimentedwith'fake 3D', where people were shown2Dcontent whilewearing 3D glasses. We hadexpectedthatthiswould be impractical, becauseparticipants wouldrealise that the3Dwas 'not working' andbreak offwatchingtocomplain. To oursurprise,participantsacceptedthis manipulation,apparentlyassumingtheywerewatching3Dcontent,althoughtheywerenot told this.Asaresult,wewereableto collectdatafromtwo smallercontrol groups,DandE.Bothgroupsviewed2Dcontent on theactive3DTV47LX6900operating in 2D mode.The Dgroup wore active shutterglasses,althoughsince theshutter function requires an infrared signal whichthe TV setbroadcastsonlyin3Dmode, theglasses were notshutteringduringviewing.The Egroup wore passive3Dglasses.After viewing, thesegroupswereasked aboutvisualappearanceand depthrealism as describedabove.Initially Cgroup participants were notasked aboutdepth realism, butwhenweintroducedthe Dand Egroups, we beganaskingall participants this question.
Becauset he Da nd Eg roups were recruited later than the other groups,t heir demographicsd iffered: they were predominantly universitystudents, whereasthe A-Cgroups alsoincludedmany morepeople from the wider population. The five groups are summarised in Table 2 . Table 2 . Demographic data of all participants and broken down into three major categories (SD, 2D, 'fake 3D') as well as particular experimental groups.
Content viewed
Glasses Notes: Groups within the same category are depicted in the same colour. To aid with anonymisation, we only recorded the year of birth, so 'age in years' actually means the difference between year of birth and the year of the study (2011). 
Recruitment
In total, 433 participants took part in the study (see Table 2for demographic data). Atotal of 246 participants watched3D TV (A and Bg roups)and 187 watched 2D TV (C -E groups). Participants were recruited via the Newcastle University Instituteo fN euroscience Research Volunteer Database, an email list of local peoplewho are interested in research and willingtoparticipate in experiments. Further participants were recruited by an advertisement in alocal newspaper, by wordofmouth and by snowball recruitment. Some participants were recruited via am ailshot to 1000 BSkyBc ustomers in the Newcastle area.
Initially, participants were assigned in alternation to the A-Cg roups,i nt he order in which they contacted us. This ensured that sampling was similar in these three groups.A fter the decision to introduce the additional Da nd Ec ontrol groups,wew anted to recruit participants into thesegroups rapidly, and so later participants were assigned to Da nd Ei n alternation. Thus, the Dand Eparticipants were drawn from the sample of late-entrants only, and have asomewhat different demographic profile.
People who reported having photosensitive epilepsywere excluded from participating on safety grounds, even though there is no evidence that S3D presents as pecific risk to this group (Prasad et al. 2011 ).
Eye tests
Eye tests were carried out at local optometry practice C4 Sightcare (www.C4sightcare.com), at either their Newcastle or their Morpeth site. All tests were run by qualified optometrists or orthoptists as appropriate. Any existing optical correction was recorded along with any medication the participant reportedt aking. Theo rthoptic examination probeda spects of binocular function which are particularlyrelevant for S3D content.Many of these eye tests are performed at twoviewing distances: ashort distance (30 -80cminour case), corresponding to typical reading distance, and along distance: 6m.For the humanvisual system 6mis effectively infinity,asthe convergence and accommodation at 6mdo not differ significantly from those at infinity. Table 3lists the optometric and orthoptic tests carried out.
In somec ases, the eye examination revealed possible areas of concern, ranging from the need for an ew glasses prescription to possible undiagnosed eye disease. In thesecases, the participant was referred on to the appropriate health care provider.A ll participants were madea ware of this potential outcome in the information sheets provided. Not all participants chose to complete the study by visiting C4 Sightcarefor their eye tests. Out of the 433 participants, we have optometric data for 339 (78%)and orthoptic data for 333 (77%).
Statistical analysis
Analysis was carriedout in the Matlab programming environment (Matlab R2012a; Mathworks, Inc., Sherborn, MA,USA), using custom scripts. Our data were not normally distributed, so we used non-parametric tests for significance including the Kruskal -Wallis test and Mann -Whitney U .Whether or not aparticipant reported adverse effectsisabinomial variable, so to compare the rateo fa dverse effects betweent wo groups of participants, e.g. 2D versus S3D, we used binary logistic regression with group as afactor. Table 2reports the number of participants in each of the five groups. There are over 100 participants in each of the three main groups (A-C). Thesecondtwo control groups, Dand E, where participants wore 3D glasses while watching 2D TV, were introduced only later on in the study and therefore have fewer participants.
Results

Participant demographics and TV viewing habits
Not all participants completed the more detailed recruitment questionnaire or went for the requested eye examinations. We have recruitment questionnaires for 342/430 participants:orthoptic data for 287/430 and optometricdata for 277/430. In each figure, we report results for the subsetofparticipants for whom that information is available. Figure 2showsthe distribution of participant ages for the 433 participants, broken down by TV group. To reduce the amount of identifying information stored, we did not record participants' day or month of birth, so 'age' was estimated by subtracting the year of birth from 2011, the year the studytook place. Thehorizontal axis shows age in years; the height of each bar shows the fraction of participants in that group aged within 5y ears of the age indicated on the horizontal axis. Nearlyhalf our participants were born within 5years of 1990, so peopleintheir 20s are over-represented in our sample.The late-recruited Da nd Eg roups contain fewer children and old people. They were also more highly educated on average, beingrecruited largely from university students. Thus, unfortunately, comparisons between the A þ B þ Cgroups and the Performed at aviewing distance of 33 cm and 6m to detect any abnormalities of binocular control. The participant is asked to fixate an object at the desired distance, and the orthoptist then covers and uncovers each eye in turn. If the participant has good binocular control, no movement of the eyes is visible as they are each covered and uncovered. If the participant has a tropia (a manifest squint), she/he will not be able to fixate the object with both eyes. In this case, when the fixating eye is covered, the other eye visibly moves in order to take up fixation. If the participant has aphoria (a latent squint), correct fixations occur with both eyes, but when one eye is covered, it will drift into its preferred position. If the cover test revealed tropia or phoria, the orthoptist then used aprism bar to quantify the extent of the deviation in prism-dioptres, both horizontally and vertically. Near point of convergence
Measures the eye muscles' ability to converge the eyes, using an RAF rule.
Optometric tests (relating to general eye health and vision) Refractive error at 0.4 ma nd 6m
Optometrist measures the refractive error of each eye at av iewing distance of 0.4 ma nd again at 6m. Monocular and binocular visual acuity at 0.4 ma nd 6m For participants aged 8y ears and over, visual acuity with the left eye, right eye and both eyes were measured at 0.4 ma nd at 6m,ine ach case using the best optical correction for that participant at that distance, as determined in the measurement of refractive error. At 6m, visual acuity was measured again with the participant wearing their habitual optical correction (i.e. their usual glasses or contact lenses, or without glasses/lenses if they do not usually wear any). Visual acuity was measured in logMAR units; at 0.4 m, using the printed Sussex logMAR test; at 6m,using the Thomson logMAR test administered on acomputer. This was atotal of nine acuity measurements, which was too demanding for young participants. For participants aged 7years and under, monocular and binocular visual acuity was measured at 3m using the Keeler logMAR test and the participant's habitual optical correction. Intra-ocular pressure If elevated, this can indicate eye disease such as glaucoma.
Fundus exam and photograph
Includes examination of the fundus, the interior surface of the eye including the retina, optic disc, macula and fovea. Aphotograph of the fundus was taken and an ote of any abnormalities made. D þ Eg roups are complicated by sample differences. All groups contained greater numbers of femalet han male participants (overall243 female to 165 males;gender information was not recorded for afurther 25 participants). The recruitment questionnaire asked participants about their typical viewing habits. Our randomisationprocedure was intendedtoensure that the fivegroups are comparable. Figure 3showsself -reported average daily TV viewing. TV viewing time was self-reported on afive-point scale, from 'less than 60 minutes' to 'more than 5hours'. We see that the three main groups report similar amounts of time spent watching television ( p ¼ 0.07, Kruskal -Wallis test on 368 A-Cparticipants only, with TV group as afactor). However, there are significant differences betweenthe participants of A þ B þ Cgroups and the late-recruited D þ Eg roups ( p , 10 2 5 ,K ruskal -Wallist est on all five TV groups as af actor). The Da nd E participants watch less TV, typicallyunder an hour aday. This may be related to their higher educational level, as we also found an inverse correlation betweenh ighest educational qualification and amount of time spent watching TV.
Clearly,for this study it was also criticaltoask how often participants usually view S3D displays. Figure4shows this information, in the samef ormat as Figure3 .M ost participants view S3Dc ontent only af ew times ay ear.T he Aa nd E groups watchedS3D content slightly more often at recruitment (median ¼ 'a few times ayear' for Aand E; 'less than once ay ear' for B-D; p ¼ 0.005, Kruskal -Wallis test with TV group as the factor).
Visual appearance
After viewing the movie, each participant was asked to rate the visual appearance of the TV on aseven-point Likert scale ranging from '1 ¼ dreadful' to '7 ¼ fantastic'. Figure 5showsthese responses for the five groups specified in Table 2 . Note that all groups other than Bwere watching the same physical TV set.For the Agroup, it was set to its 3D mode;for the C-E groups it was displaying 2D.
Theresponses arequite similarfor allfive groups,but it is clearthatthe 2D Cgroup gave more of theveryhighest ratings whereasthe 3D Agroup givesmoreofthe very lowest ratings. We foundahighly significant effect of TV group(p , 10 2 6 , Kruskal-Wallis test). TheCgroup, whichviewed2D, differed significantly from both 3D groups ( p , 10 2 6 ,Aþ Bvs. C, Mann-Whitney).Thisisparticularly striking as theactive3D(A) and2Dcontrol groups were viewingthe same physical TV set; theonlydifferencewas whetheritwas setto3Dor2Dmode. Therewas also ahighlysignificantdifferencebetween active and passiveS3D ( p , 10 2 4 ,Avs.B,Mann-Whitney),withthe passive3DTVappearing slightly better. One possibleinterpretation of theseresults is that 3D glasses reducethe quality of the visual appearance, probably by reducing the luminance.T he fact that passive 3D was rated the samea s2 Dc ontent viewed through passive glasses ( p ¼ 0.95, Bvs. E, Mann -Whitney) suggests that it is the glasses that are responsible for the generally lower ratings given to S3D content, rather than the S3D itself. Consistent with this interpretation, the visual appearance was rated slightly lower by the 2D groups wearing 3D glasses than by the 2D group without glasses ( p , 0.01, D þ Evs. C, Mann -Whitney). The higherrating giventopassive 3D as compared to active 3D may be due to flickerintroduced by active 3D shutter glasses. Consistent with thisinterpretation, the Agroup (viewing active 3D with shutter glasses switched on) reportedpoorervisual appearance than the Dgroup (viewing 2D content on the sameTV, with shutter glasses switched off; p ¼ 0.003, Avs. D, Mann -Whitney). Figure 3 . How much time participants in the five different groups reported watching TV. In the recruitment questionnaire, typical daily TV viewing time was self-reported on afi ve-point scale, from 'less than 60 minutes' to 'more than 5h ours'.
Depth realism
Participants were asked to rate the realism of the 3D depth on the same seven-point Likert scale. Initially, whenthere were only three groups,only 3D participants (groups Aand B) were asked this question,asitseemed to be meaningless for the participants who viewed 2D content (controlgroup C). When the additional 'fake 3D' control groups were added (D and E), we started asking this questiono fall participants. This is why thereare fewer responses available for group C. ,K ruskal -Wallis test). Unsurprisingly, this is driven by differencesb etween the 3D and 2D groups.T he 3D groups are mostoften rated 'good' or 'very good', but the 2D groups are mainlyrated 'acceptable'. There was no significant difference betweent he two 3D groups ( p ¼ 0.52, Av s. B, Mann -Whitney), but there was av ery highly significant difference betweent he 3D and 2D groups ( p , 10 2 6 ,Aþ Bv s. C þ D þ E, Mann -Whitney). This is reassuring, as it confirms that S3D does produce asubstantialimprovementindepthrealism,even when viewers are not aware whetherthey are watching 2D or S3D.
Subjective adverse effects
We also asked participants to report any adverse effectst hey experienced while viewing the TV. Figure7shows the percentage of participants who reported one or more adverse effects. In the three 2D groups (C-E;blue and green bars), 4% (8 out of 187) of participants reportedexperiencing adverse effects. In the two S3D groups (A and B; red bars), this rose to 24% (58 outof246 participants). There was no significant difference in the rate of adverse effectsbetweenthe active and passive 3D groups ( p ¼ 0.39, binary logistic regression),but the difference betweenboth 3D groups togetherand the 2D C group was highly significant ( p , 10 2 5 ,Aþ Bv s. C þ D þ E, binary logistic regression).
An ocebo effect contributes but is not solely responsible
We wondered whether the high rateofreported adverse effects of S3D couldbedue, at least partially, to expectations. There have been widespread media reports linking S3D to ar ange of adverse effects, so perhaps people expectt of eel adverse effectswhenthey view 3D, and thisleads them to report more adverse effects. This would be an example of anocebo effect. As noted in the 'Methods' section, we had originally regarded even asingle-blind design as impractical. However, when initial resultsindicated that adverse effects were so muchhigher in the S3D groups,wedecided to introduce the two 'fake 3D' control groups.Asdescribed earlier, in groups Dand E, participants viewed 2D TV while wearing active or passive 3D glasses.T hey were not told they were viewing 3D TV, but from comments made to the experimenters,m any of them apparently assumed that they were. There was no significant difference betweenthe rate of adverse effects in the two 'fake 3D' groups.
The addition of thesegroups enables us to estimate the contribution of any nocebo effect to the complaints of adverse side effects of 3D viewing. Grouping togetherall 65 participants in the D þ E'fake 3D' groups,the adverse effect rate was A fake3D ¼ 6/65 ¼ 9.2%. This is significantly higher than the rate of adverse effects in the 'known 2D' control group C: Figure 6 . Judgements made regarding depth realism, for the five TV groups. Details as for Figure 5 . Note the low number of Cgroup participants for whom these data were recorded. Figure 7 . Frequency of adverse effects. Bars show percentage of participants who reported experiencing one or more adverse effects, for the five groups specified in Table 2 . Error bars show the 68% confidence interval assuming simple binomial statistics.
A 2D ¼ 2/122 ¼ 1.6% ( p ¼ 0.03, Cvs. D þ E, binary logistic regression). There are two potential explanations for this. One is the nocebo effect previously mentioned. Theo therp ossibility is that simplyw earing 3D glasses caused somea dverse effects, independent of the 3D content. For example, this could be due to the lower luminance.
However, even wearing glasses, only 9% of the 'fake 3D' groups D þ Er eported adverse effects. This is very significantly less than the real 3D groups A þ B, where A real3D ¼ 58/246 ¼ 23.6%(p ¼ 0.01, A þ Bv s. D þ E, binary logistic regression).Asnoted earlier, one reason for this may be the different composition of the D þ Egroups as compared to the A þ B þ Cgroups.However, it seemspossiblethat viewing S3D content is associated with adverse effects, over and above any effect simplyofwearing the glasses or of negativeexpectations of 3D. We carriedout abinary logistic regression with two categorical factors: whethero rn ot participants viewed S3D (set to 1f or groups A þ Ba nd 0o therwise) and whetherornot they believed they were viewing S3D (set to 1for groups A þ B þ D þ Eand 0for group C). Both factors were significant, with p ¼ 0.01 and p ¼ 0.03, respectively. This indicates asignificant effect both of S3D itself, and of a nocebo effect.
Ignoring sample differencesbetween the A þ B þ Cand D þ Egroups, we can take A 2D as an estimate of the baseline rate of reporting adverse effects in an experimental setting like ours; we can take (A fake3D -A 2D )a sa ne stimateo ft he nocebo effectsproduced merelybythe belief that one is viewing S3D, and we can take (A real3D -A fake3D )asanestimate of the effectsactually due to S3D. This produces the following estimates:
(1) Around 2% (A 2D )ofpeople report adverse effects after viewing 2D TV. This includesany effects specifically due to viewing television or sitting in adark room for over an hour, plus simplypeople who happen to have aheadache that day, etc. (2) An additional 8% (A fake3D -A 2D )o fp eople report adverse effectsa fter watching 2D TV with 3D glasses while believing it to be 3D. This could be due to negative preconceptions regarding S3D, or to somefactor associated with the glasses, e.g. the reduction in luminance. (3) An additional 14% (A real3D -A fake3D )ofpeoplereportadverse effects if they have actually viewed 3D TV.
This suggests that around14% of atypical population experience someform of adverse effect due specifically to S3D content. However, giventhe sample differencesbetweenour groups,e.g. in education leveland frequencyofTVviewing, this conclusion mustber egarded as tentative.
Headaches and eyestrain are the mostcommon adverse effects
We next examine the types of adverse effects reported by our participants. Figure 8s howst he probability of reporting different typesofadverse effects, i.e. the number of participants in agroup who reported each type of adverse effect,divided by the number of participants in the group. As described in the 'Methods' section,p articipants were offered an array of possibled escriptions to choose from, or coulds upplyt heir own. To make this morem anageable, in Figure8we have combined similar complaints and active/passive TV groups.T he label' headaches' describes people who selected either 'headache' or 'headache behind eyes'. Thelabel 'eyes' covers 'blurred vision','difficulty focusing eyes' and 'eyestrain'. The label 'glasses' covers' discomfort in nose/face/ears', which was includedb ased on pilot studies where some participants complained that the active 3D shutter glasses were uncomfortable to wear. Thel abel' dizziness'c overs 'impaired balance', 'impaired coordination', 'faintness' as well as 'dizziness'. 'Dizziness' was not includedasanoption in the list of possibleeffects participants were shown, butafew participants gave it under 'other'. Finally, 'other' in Figure 8 covers'nausea' (reported fivetimes), 'cramps' (reported once),'fatigue' (four times) and 'fell asleep during movie' (once).
Participants were free to report as many adverse effects as they liked. The maximum number of adverse effects reported by any oneparticipant was four (participant L2E001 in the 'fake 3D' group, who reported fatigue, faintness and impaired balance and coordination). In generating Figure 8 , multipled escriptions of the same type of adverse effect werec ounted only once. Forexample, participant L2E001's reports of faintness, impaired balance and impaired coordination added one increment to the 'dizziness' category. In practice, such decisions make little difference given that out of 66 participants who reportedany adverse effects, 60 (91%) reportedonly one adverse effect.
The most frequent types of complaints in the S3D groups (A þ B) were headaches and eyestrain. These symptoms were reportedmuchmore often in the S3D groups than in any of the 2D groups,including thosewhere peoplewronglybelieved they were watching S3D. In theseCþ D þ Egroups,the probability of reporting aheadache was around2%(3out of 187); in the A þ Bg roups, it was around1 0% (24 out of 246). This is as ignificant difference ( p ¼ 0.02, simpleb inomial statistics; under the null hypothesis that the probability of headache is the same in all groups, at 27/433,the probability that . 23/246ABparticipants would reportheadache is p ¼ 0.02). This finding is consistent with previous literature suggesting that eyestrain and visual fatigue can be caused by S3Dc ontent,p erhaps due to the violation of the natural relationship betweenaccommodation and vergence (Howarth 2011; Shibata et al. 2011; Yang and Sheedy 2011; Hoffman et al. 2008; Lambooij et al. 2009; Shibata et al. 2011) . In contrast, in the 'fake 3D' groups (D þ E), dizziness and othereffects such as nauseawere reported as often as headache and eyestrain. These were not reported so often by either the true S3D groups,or by 2D viewerswho knew they were watching 2D. Faintnessand dizziness have not to ourknowledge been linked with S3D in the scientific literature, but have often been linked to S3D in the media and by manufacturers.For example, areport in the BritishnewspaperThe Telegraph in 2010 suggestedthat the film Avatar could cause 'extreme dizziness' (http://www.tel egraph.co.uk/health/6952352/Do-3D-films-make-you-sick.html, retrieved April 22 2013). We speculate that at least some of these reported symptoms may represent the nocebo effect discussed earlier: participants may have expected these symptoms based on whatthey had previously read about S3D.
Effect of gender
Combining all TV groups,t here was no gender difference in the reporting of adverse effects ( p ¼ 0.07, binary logistic regression with gender as the factor). However, when we analyse only the S3Dgroups,women were slightly more likely to report adverse effects with S3D. Our data-set contains 232 participants who viewed S3DT Va nd for whom gender information was recorded:132 female and 100 male. 30% of the females reportedadverse effects, compared with 17% of males (Table 4) . This was marginally significant ( p ¼ 0.03; binary logistic regression with gender as the factor). However, when we compute abinary logistic regression with gender and 'S3D viewing' (whether the person was in groups A þ Bor C þ D þ E) as categorical factors, the main effect of both gender and S3D were significant, but the interaction between them was not ( p , 10 2 4 for S3D, p ¼ 0.03 for gender, p ¼ 0.73 for S3D*gender).
Adverseeffects are not predicted by eye or vision problems
For the groups who viewed S3D content, we examined the results of the eye examinations to see if we couldd etect any relationship between pre-existing eye problems and the likelihoodofreportingadverse effectswith S3D. We pooled all S3D participants (A þ B) and then groupedthem into 'adverse'and 'none' subgroups: those who reportedadverse effects and those who did not. We lookedfor significant differencesbetweenthe results of the eye tests for 'adverse' and 'none'. We also approached the data from the otherdirection;that is, for each eye test we grouped peopleinto thosewho 'passed' and 
Discussion
Our results confirm previous reports (Yang et al. 2012 ) that as mall number of viewersm ay experience minor adverse effectsafter viewing aroundanhour of S3D TV. Our work differs from previousstudies in that it attemptstocontrol for negativeexpectations regarding 3D. In addition, it may have more ecological validity than other lab studies, since it was carriedout in arelatively natural setting, watching ar eal 3D movie such as peopleview at home. We findthataround14% of viewersreportadverse effectswhich appear to be directly relatedto3D. In agreementwith previous work (Bando,Iijima, andYano2012; Hiruma andFukuda1993; Hoffmanetal. 2008; Howarth 2011; Lambooijetal. 2009; Nojirietal. 2004; Shibata et al.2011; Solimini et al.2012; Yang andSheedy2011; Yano,Emoto,and Mitsuhashi 2004; Yano et al.2002) ,wereportthatthe symptoms most commonly associated with S3Dwereheadacheand eyestrain.
We did not find any evidence to supportprevious suggestions that adverse effects with S3D may indicateproblemswith the eyes or with binocularvision. This is not surprising. Adverse effects with S3D appeartostem from cue conflicts between the depth information provided by binocular disparity and other cues, for example accommodation, motionp arallax and vestibular input.T hus, individuals' differencesi ns ensitivity to S3Dw ould be expected to reflectf actors such as their tolerance for cue conflict, rather than low-level visual abilities. Indeed, thereare good reasons to expectvisual pathology to reducet he probability that an individual would experience problemsw ith S3D, rather than to increasei t. In the extreme case,s omeone who is blind in one eye could experience no problems due to S3D itself( they couldo fc oursee xperience problemscausedby2Dcontent,orbythe glasses,e.g. flicker). Peoplewith binoculareye disorders such as strabismus are muchm ore likely to experience inappropriate disparities in their everyday life, and their visual systemsh ave developed mechanisms to compensate for this, e.g. suppression of one eye'si nput (Serrano-Pedraza, Clarke, and Read 2011; Jampolsky 1955; Von Noorden and Campos2 002). More generally, the fact that cue combination is generally close to statistically optimal would suggestt hat the lessr eliable the visual input, the more cue conflict shouldb et olerated. This would imply that peoplew ith visual problems should be less, rather than more, likely to experience adverse effects with S3D. In fact, our data revealed no effect either way.
We also could not detect an effect of age, in contrast to arecent study. Yang et al. (2012) found that participants aged over 45 reportedmore dizziness and nausea after viewing 2D as compared with S3D, whereas younger participants reported more blurred and double vision, dizziness, and nauseaafter viewing S3D as compared with 2D. As thoseauthors point out, there are theoretical reasons for expecting older individuals to experience fewer problems with S3D content.The vergence/ accommodation conflict has been identified as akey reason for discomfort in S3D displays (Yang and Sheedy 2011; Shibata et al. 2011; Yanoand Emoto 2002; Hoffman et al. 2008; Emoto, Nojiri, and Okano 2004) . Peopleolderthan 45 or so are presbyopic, i.e. have lost the ability to accommodate. They therefore routinely experience amismatch betweenv ergence and accommodation in everyday life. One wouldi magine, therefore, that they should be lesst roubledb yv ergence/ accommodation conflict in S3D displays. As Figure 2shows , our participants were disproportionately in their 20s. Thus, our failure to detect an effect of age may reflectalacko fp ower. However, the absoluten umber of older participants was comparable to Yange ta l. (we had 45 participants aged 46 yearsoro ver, they had 50).
We did find asmall effect of gender,with females beingmore likely to report adverse effects after watching S3D. Yang et al. (2012) also reportedasignificant effect of gender,with women reporting worse adverse effects than men. However, a binary logistic regression indicated that our data are consistent with the possibility that women are slightly more likelyto report adverse effectsinall conditions, and that both men and women are morelikely to report adverse effects after viewing S3D than after 2D, with no gender difference relating specifically to S3D. One factor to take into account is that the average femalei nter-pupillary distancei sa bout 0.96 that of males (Dodgson 2004) . In principle,t his could affect women's experience of S3D. Disparities encountered in natural viewing scalewith inter-pupillary distance, so are generally smaller for women. Disparities in S3D content are controlledbythe camera parameters, and so on average would be slightly larger, relative to natural disparities, for women as compared with men. Conceivably, this could contribute to making adverse effectsmore likely in female viewers.
The reason for the discomfortsome viewers experience with S3D is not clear. As discussed, vergence/accommodation conflict has been identified as one potential reason, but creators of S3D content are well aware of this issue and work hard to keep disparities small. In our experiment,the viewing distancewas about 2.5 morafocal distance of 0.4 D. According to Figure26and Equation (7) of Shibata et al. (2011) , we would expect no significant discomfort for content presented behind the screen, and discomfort for near content only when thisispresented closer than 1m,i.e. 1.5 minfront of the screen. This would require anegativescreen parallax of nearly 10 cm or 2 8% of the screen width. This flouts industry guidelines; for example, Sky's recommended depth budget is 3% (comprising positive parallax of þ 2% and negative parallax of 2 1%). Thus, most3Dcontent is well within bounds where lab studies suggestthe vergence/accommodation conflict should not be causing discomfort. Other sources of discomfort likelya lso contribute.F or example, S3Dm ay present stronger cues to scene structure and motion, which then provide as tronger conflict with vestibular information (Howarth 2011) .
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